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The burgeoning field of nanotechnology has shown promise for improvements in fields
from laser physics, to medicine, to clean energy. In particular, nano-materials’ size-tunable
optical and electronic properties offer the ability to build customizable materials from a single
atomic or molecular compound. However, despite their potential utility, many properties
of nano materials have yet to be fully examined. Cadmium selenide (CdSe) and related
CdSe core/shell (CdSe @ (CdS)n) semiconductor quantum dots are one such nano material.
While some properties CdSe have been well-studied, others, such as the pressure dependence
of the band gap and how a CdSe core may interact with its shell, represent areas where
understanding can be improved. This work is concerned with the response of the optical
properties of CdSe and CdSe @ (CdS)n quantum dots to high pressure. We find that the band
gap of the quantum dots increases with increasing pressure and that this response increases
with decreasing quantum dot size. The behavior of CdSe @ (CdS)n core/shell particles may
be indicative of shell buckling.
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Chapter 1
Introduction
Semiconductor quantum dots (QDs) have become a hot topic of study due to their po-
tential uses in a wide variety of applications; optoelectronics [5][6], lasers[7], LEDs[8], nonlin-
ear optics [5][6], bio-labling[5][7][9][1](See Figure 1.1), and solar cells[8][7][10] could all benefit
from the application of these nano-materials. Of particular utility is that nano-materials dis-
play electronic properties that are tunable based on particle size and structure[8][9][11][12][13].
However, despite the rather extensive work that has been done, the impact of structure and
size on these electronic properties is yet to be completely understood.
The aim of the present work is to advance our understanding of semiconductor QDs
by providing data on photoluminescence (PL) as a function of pressure for a variety of sizes
of Cadmium Selenide (CdSe) QDs, as well as a variety of ”seeded” quantum dots- quantum
dots with a CdSe core with varying thicknesses of CdS shells grown around them. In our
notation, these will be referred to as ”core/shell” QD’s, and denoted CdSe @ (CdS)n, where
n is the number of CdS monolayers around the core.
1.1 Quantum Dots
A quantum dot is a particle that consists of a number of atoms or molecules much
less than Avogadro’s number. The geometry of a quantum dot is typically assumed to
be spherical (See Figure 1.2), as opposed other geometries such as rods or tetrapods [13].
Quantum dots can be defined by ”zero-dimensional”, or isotropic, quantum confinement[14]
2Figure 1.1: CdTe @ CdSe nanoparticles used in a bio-labeling application in pigs. (Left) Pig
subject to near-infrared (NIR) radiation. (Mid) Pig subject to NIR radiation. (Right) Left
and Mid superimposed[1].
in contrast to ”one dimensional” quantum rods or wires or ”two dimensional” nanosheets.
The quantum dots investigated in this study are of the dot variety.
Photon emission of semiconductor quantum dots can be generally described as a tran-
sition across their electronic band gap[13]. However, as opposed to the bulk material, the
size of the quantum dot greatly impacts the electronic and optical properties. This is partic-
ularly important for semiconductor QDs where the Fermi level lies between two bands and
therefore the band edges are key to the electronic and optical properties[3]. As the band
structure in materials develops fully only in the bulk limit, particle size strongly influences
the bands as well as the band gap, and therefore optical and electronic properties (see Fig-
ures 1.3 and 1.4). In studying the photoluminescence of the quantum dots as a function
of pressure, insight is gained into the relationship between the particles’ mechanical and
3Figure 1.2: Top and side of the valence band maximum (VBM) wave function of a core/shell
particle with a 2.9 nm diameter core with 2 CdS monolayers[2].
electronic properties. It is this relationship that is the primary focus of the study.
Figure 1.3: A diagram of the band structure of metals vs semiconductors[3]
The CdSe and CdSe @ (CdS)n QDs studied were synthesized by the group of Paul
Mulvaney of the University of Melbourne, Australia. All samples were suspended in paraffin,
4of which there is a brief discussion in the following section.
Figure 1.4: Photo of CdSe nanoparticles under UV excitation
1.2 Paraffin as a Pressure Medium
The CdSe and CdSe @ (CdS)n particles studied were suspended in paraffin. Paraffin
was chosen as it can maintain quasi-hydrostatic conditions even at high pressures, and thus
serve as a pressure-transmitting medium. By hydrostatic, it is meant that the compression
is isotropic, or equal in all three cartesian directions [7]. The effect of non-hydrostatic
conditions on the PL properties of quantum dots has been documented [7]. At pressures
below 2 GPa, it has been found that deviations from isotropic compression are negligible,
and that deviations from these conditions diverge at higher pressures [15]. As a result, data
collected for pressures greater than 2 GPa may suffer from systematic pressure error, and
thus data above 3 GPa should not be used for quantitative analysis.
Chapter 2
Experimental
2.1 Overview
The experiment conducted was designed to study the electronic properties of QDs by
observing their photoluminescence properties as function of pressure exerted on the dots.
The QDs under study are luminescent under excitation with phonton energies above their
(size-dependent) band gap. The QDs were subjected to pressure using a diamond anvil cell,
and pressure measured using the PL of ruby loaded into the cell along with the sample. Pho-
toluminescence spectra of the QDs were then collected at increasing pressures. By observing
how pressure affects the PL the effect of pressure on QD band gap was studied.
2.2 Pressurization
Pressure is generated using a Diacell Diamond Anvil Cell (DAC) model µScopeDAC-
RT(G) type Ia16-sided diamond anvils, base diameter 2.5 mm, culet 0.50 mm, NA = 0.54)
The basic concept of the diamond anvil cell is simple: Pressure is defined as Force
Area
. The outer
surfaces of the diamond anvil cell’s shell have significantly more area than the the surfaces
of the coincident diamond surfaces. Thus, moderate force on the diamond anvil cell’s shells
generates an immense amount of pressure the diamond surfaces. A schematic of this process
is illustrated in Figure 2.1 with a photo of the closed DAC assembly in Figure 2.2.
Pressure on the outer shell of the DAC was generated using a gas membrane collar
that fits around the cell (See Figure 2.3). The membrane was connected to a Diacell GM gas
6Figure 2.1: A schematic of the diamond anvil cell
Figure 2.2: A photo of the closed DAC and a gasket.
membrane controller, which was pressurized by nitrogen gas from a gas tank. The pressure
in the controller (and thus in the membrane) was controlled by a pressure regulator. Using a
7valve on the regulator, nitrogen was pumped into the membrane, expanding the membrane
and exerting pressure on the cell.
Figure 2.3: The gas membrane collar assembly.
2.2.1 Gaskets and Gasket Drilling
Diamond is a good material for generating pressure due to its material strength. How-
ever, the diamond anvils can scratch or chip each other if pushed directly together. In order
to protect the diamond surfaces and to produce a well-defined sample volume, a stainless
steel gasket 250 µm thick is placed between the diamonds (See Figure 2.1). In order to allow
optical access through the cell, a sample chamber approximately 150 µm in diameter is laser
drilled into the gasket.
Before drilling, the gasket is exposed to pressure within the cell (pre-indentation)(See
Figure 2.4). The rationale for pre-indentation is twofold. The first advantage of pre-
indentation is to reduce the thickness of the gasket from a starting thickness of 250 µm
so that the gasket is thin enough to laser drill. The indentation of the gasket also provides
a target for the laser. Additionally, when pressure is applied to the gasket, it is deformed in
8a non-uniform and irreversible manner known as plastic deformation. It is this deformation
that necessitates the use of ruby to measure pressure, as the gasket’s deformation changes
the pressure in the cell in addition to the changes due to the gas membrane. Plastic defor-
mation can also lead to the gasket hole’s expansion or collapse; in the former circumstance,
the diamonds could come into contact, and the in the latter the sample cell would cease to
exist. By pre-indenting the gaskets, less plastic deformation occurs during the experimental
run.
Figure 2.4: A pre-indented gasket with a laser-drilled hole viewed under 10x magnification.
The sample chamber is drilled using a nanosecond-pulsed, neodymium-doped yttrium
aluminum garnet (Nd:YAG) laser, lasing at 1064 nm with 3.2 W of average power (5 ns pulse
duration, 50 Hz repetition rate). In order to align the invisible laser beam to the gasket,
the Nd:YAG is first aligned to a red helium-neon (HeNe) laser, to which the gasket center
is positioned using a 3-axis translation stage (See Figure 2.5. Alignment of the HeNe and
Nd:YAG is ensured by comparing the position of the HeNe laser relative to a burn spot
created on the gasket by a few seconds of exposure to intense 1064 nm radiation. As the
intensity and wavelength of the Nd:YAG make it especially dangerous to the human eye,
direct visualization of the gasket, burn spot, and eventually hole in the gasket is avoided by
9using a microscope equipped with a camera, displaying the image on a computer screen. A
circular beam profile, and thus cylindrical sample chamber, is ensured collimating the laser
by using a 1 mm aperture in the beam path prior to focusing.
Figure 2.5: A schematic of the Nd:YAG drilling set up
2.3 Confocal Microscope
An Horiba XploRA confocal microscope designed for Raman spectroscopy was used to
irradiate the QDs and analyze their PL spectra. This particular microscope used a built-in
532 nm laser as an excitation source. The confocal microscope has the advantage of only
sampling light from a small volume within the sample cell (See Figure 2.6). In doing so, stray
photons from other parts of the cell are not sampled, leading to a clean, controllable signal.
Additionally, the Horiba confocal microscope contains several built-in diffraction gratings,
allowing for rapid transfer between gratings during experimentation. This proved especially
useful for measuring the relatively broadband photoluminescence spectra and the narrow
10
ruby peak used to determine pressure (See Section on Pressure Determination). The finer
the grating, the higher the resolution of the spectrum taken, but the smaller the range of
sample-able wavelengths. Photoluminescence spectra were taken at 600 grooves
mm
while ruby
spectra were taken at 1800 grooves
mm
.
Figure 2.6: A Schematic of the confocal microscope
2.4 Pressure Determination
As briefly mentioned previously, pressure in the cell was determined by measuring the
photoluminescence spectra of ruby grains placed in the cell along with the sample. Ruby
fluorescence spectra have been well-characterized as a function of pressure, making it a good
pressure gauge in DAC experiments[16]. Ruby photoluminescence is due to a transition
of the Cr3+ doping ions that distinguish ruby from other aluminum oxide compounds. As
illustrated in Figre 2.7 ruby has two PL peaks.
The peak at longer wavelengths, λR1 in the literature, can be found at 694.25 nm at
11
Figure 2.7: Spectra of the ruby peak at increasing pressures
ambient pressure, while the peak at lower wavelengths, λR2, can be found at 692.74 nm. It
is λR1 that is used to track the pressure, according to the empirically-derived equation[16]
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Pressure =
1904
7.665
( λR1
λR10
7.665
− 1
)
GPa, (2.1)
where λR10 is the value of λR1 at ambient pressure.
As suggested by Equation 2.1, the ruby peak shifts to to higher wavelengths with
increasing pressure.
2.5 Data Acquisition
At the beginning of each experimental run, ruby grains and CdSe or CdSe @ (CdS)n
sample were loaded into the cell. As the size of the sample cell was small, a very small
volume, 15 µL of sample was sufficient to fill the cell. The cell was then closed, and clamping
screws gently tightened sealing the cell by creating solid contact between the anvils and
the gasket. The cell was then placed under a microscope to look for the presence of air
bubbles in the cell. Unlike paraffin, air is highly compressible, and the presence of a bubble
leads the pressurization of the cell to decrease the volume of the bubble rather than to
the pressurization of the QDs. If a bubble was present, the cell was opened, cleaned using
hexane, and reloaded.
When the cell was properly loaded, the gas membrane collar was placed around the cell
and firmly tightened to ensure that the membrane was flush with the diamond anvil shells.
Pressurization of the membrane without a force pushing back to prevent its expansion could
lead to a its rupture due to an unabated increase in volume.
Using threads located on the sides of the collar, the cell was then mounted onto a
three-dimensional translation stage. A white light source was used to align the sample cell
to the confocal microscope. At 600 grooves
mm
, a continuous acquisition of spectra with 1 s
integration time was used was used to fine-adjust the position of DAC for maximum PL
intensity with a clearly observable ruby peak. Two spectra were then taken and saved. The
first was of the photoluminescence peak using the 600 grooves
mm
grating. Sixty scans with one
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second integration were averaged, and a background spectrum was subtracted in order to
reduce thermal noise. Then, the 1800 grooves
mm
grating was selected and a ruby spectrum taken
to increase the resolution of the pressure measurement. Again, sixty, one-second scans were
taken, and a background subtracted to reduce noise.
After each spectrum, the pressure in the cell was increased by increasing the nitrogen
pressure in the gas membrane. Twenty five to thirty minutes was given between each mea-
surement to ensure that pressure equilibrated within the DAC. Equilibrium was confirmed
by observing the ruby peak at 1800 grooves
mm
in real time, ensuring the peak was no longer
shifting to longer wavelengths. With equilibrium reached, the sample cell’s diameter was
measured using the Horiba microscope’s camera. Any significant deviations in hole size from
that before pressurization were deemed cause to abort the experiment to avoid damage to
the diamonds.
This procedure was continued until the photoluminescence of the QDs no longer pro-
duced a discernible signal. At this point, it can be concluded that the QDs have undergone
a solid-solid phase change from the luminescent wurtzite structure to non-luminescent rock
salt [17].
Following the loss of PL, the pressure in the cell was decreased in order to observe a
possible return of PL intensity. Regardless of whether or not the sample was laser heated,
the PL peak did not return, although reduction of pressure was confirmed by the blue shift
of the λR1 ruby peak.
At the end of each experimental run, the cell was cleaned using hexane, chosen because
of its miscibility with paraffin. Cleanliness of the cell was verified using a UV lamp.
2.6 Data Evaluation
The wavelength of the λR1 peak was used to calculate the pressure according to 2.1.
The peak wavelength of the PL spectra was also recorded, and peak energies plotted vs
pressure.
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As mentioned, past 2 GPa deviations from hydrostatic conditions introduce errors into
pressure measurements. Thus, only the data up to 2 GPa were considered for rigorous data
evaluation. Data in this regime were observed to follow an approximately linear relationship
between PL energy and pressure; a linear regression was done to our data. The resulting
slope of this line was then plotted vs quantum dot size in nm, with error bars given by the
uncertainty in the regression’s analysis of the slope.
In the core/shell QDs, both a blue shift of the PL peak as well as broadening of the
PL peak were observed. Thus, both the PL peak position and the full width half-maximum
(FWHM) of the peak were evaluated as a function of pressure. Additionally, the pressure at
maximum line width was plotted against shell thickness.
Multiple experimental runs were conducted on all particle species to ensure repro-
ducibility.
Chapter 3
Results and Discussion
3.1 Cadmium Selenide
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Figure 3.1: A full pressure run of CdSe sample with a 4.77 nm core diameter
Figure 3.1 shows the typical behavior of the PL peak energy of a CdSe sample as a
function of pressure. When pressurized, the CdSe particles studied exhibited a blue shift
in agreement with previous studies [7][13][18]. Above about 3 GPa a decrease in slope of
16
Figure 3.2: Runs for all CdSe samples studied up to 2 GPa
17
PL energy vs pressure is observed (See Figure 3.1). This observation is also in agreement
with previous studies.The cause of this decrease in slope has been explained as the effect
of non-hydrostatic conditions [7]. For this reason, only the data up to 2 GPa was studied
further, consistent with measurements stating that deviations from hydrostatic pressure are
negligible below 2 GPa in paraffin [15]. All CdSe samples were observed to lose all PL at
high pressures, in line with the model of phase transition from wurtzite to rock salt [18].
The data up to 2 GPa were fit using a linear regression. The slope of the regression
was then plotted as a function of particle size. An increase of the band gap with pressure is
expected, since compression results in a smaller QD size and therefore increases confinement.
However, confinement alone cannot explain the pressure behavior [7], and more involved
models need to be developed.
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Figure 3.3: Slope of CdSe samples studied considering data up to 2 GPa. The red line
represents the bulk value of
dEBandgap
dP
as measured by Edwards and Drickamer[4]
Of interest here is that as particle size increases,
dEBandgap
dP
decreases towards the bulk
value. As particle size shrinks, the surface area-to-volume ratio increases, as for an approx-
imately spherical dot, SurfaceArea
V olume
∝ 1
r
. The larger the size of the QD, the more the surface
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area-to-volume ratio approaches that of bulk material, and the effect of pressure on band
gap approaches the bulk trend. No detailed explanation of this observation exists at present.
3.2 Cadmium Selenide @ (Cadmium Sulfide)n Core/Shell
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Figure 3.4: Full pressure run of CdSe @ CdS3
Like their core-only counterparts, the CdSe @ (CdS)n particles exhibit a blue shift as
pressure increases, as well as a decrease in
dEBandgap
dP
at higher pressures. In this case, no
relationship was found between shell thickness, which roughly correlates to particle size, and
dEBandgap
dP
.
In plotting all PL energy vs pressure curves on the same axes, an even/odd ”staircase”
pattern was observed for the ambient PL as a function of shell thickness (Figure 3.5). Using
a simple particle in a box model, this stair case pattern would suggest that two monolayers
of CdS bond more tightly to one another than to the following layer (say layers 2 and 3 vs
19
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Figure 3.5: Ambient PL for CdSe @ (CdS)n
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Figure 3.6: Runs for all CdSe @ (CdS)n samples studied up to 2 GPa
21
layers 3 and 4 in Figure 3.5) In other words, particle size only seems to grow significantly
when a bi-layer has been completed. That said, there is no evidence that this explanation is
correct, as the effects of small and finite shell thickness has not been systematically explored,
and no theoretical explanation is currently available.
Figure 3.7: PL spectra of CdSe @ (CdS)n particles for n = 1 and n = 7.
Plotting a sequence of normalized PL spectra together (Figure 3.7) suggests that there
is a small change in PL peak position over some pressure range, followed by a more abrupt
transition to, or rather the emergence of another peak at higher energies (shorter wave-
lengths), with the two peaks overlapping. The existence of the second peak results in a
pressure-dependent change of the overall FWHM of the PL spectrum. At some pressure,
each core/shell QD species studied exhibited a maximum FWHM (See Figure 3.8), which
was plotted against shell thickness (Figure 3.9).This trend could be indicative of a ”buckling”
22
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Figure 3.8: Pressure vs FWHM of CdSe @ (CdS)3
of a hard CdS shell (bulk modulus 80 GPa)[19] around the softer CdSe core (bulk modulus
55 GPa)[20]. However, macroscopic models for the buckling of a hollow shell do not describe
the data.
More theoretical work is needed on the nature of these particles and on the mechanism
by which the second PL peak arises in order to make more firm conclusions about the data
presented.
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Figure 3.9: Pressure at FWHM of PL peak vs n of CdSe @ (CdS)n
Chapter 4
Conclusion
The QDs studied showed PL properties that were greatly affected by applied pressure.
In the CdSe QDs, the PL vs pressure relationship is approximately linear up to 2 GPa, with
small dots displaying a
dEBandgap
dP
greater than that of bulk with a downwards shift towards
the bulk value with increasing dot size. While this observation may be related to the shift
towards bulk-like surface area to volume ratios, a thorough theoretical analysis has yet to
be conducted.
In the CdSe @ (CdS)n QDs, the situation appears more complicated. No obvious
relationship exists between number of shell layers and
dEBandgap
dP
. The relationship between
the ambient PL peak energy and the number of CdS shells grown around the CdSe core
is not readily understood. The pressure response of the PL spectra could be indicative of
buckling of the CdS shell at pressures that increase with shell thickness.
This new set of experimental data offers the ability to develop theoretical models of
semi conductor quantum dots that can be experimentally tested. Any model that meets this
challenge may aid in the burgeoning field of nano-engineering, whose potential has yet to be
fully realized.
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